Introduction 30
Cereals are one of the most important agricultural products in the world, both as human foods 31 and as the main constituent of animal feed. Development of agriculture in prehistoric times was 32 heavily associated with domestication of cereal grains and since their first cultivation most 33 civilizations have become dependent upon cereals for the majority of its food supply (Cordain, 34 1999) . Cereal grains are the most commonly consumed food group worldwide and they are 35 grown on about 60% of the cultivated land in the world (Harlan 1992 , Koehler & Wieser, 36 2013 . In order to meet the requirements of a growing world population, worldwide production 37 and yield of cereals has been increased for the last 50 years ( Fig. 1.) 
(Food and Agriculture 38
Organization [FAO] , 2017). Major types of cereal grains include maize, rice, wheat, barley, 39 sorghum, millet, oats, and rye ( Fig. 2.) (FAO, 2017) . 40
Worldwide significance and extensive use of cereal grains and their products makes cereals 41 preservation and decontamination one of the most important food safety issues. Contamination 42 of stored grain with insects and microorganisms is a major concern of the grain industry as it 43 affects the grains both quantitatively and qualitatively (Yadav, Anand, Sharma & Gupta, 2014) . 44
Microorganisms present in cereals constitute a principle control point since their development 45 may affect the safety, quality and properties of the grains. Some molds can potentially produce 46 harmful mycotoxins and pose a serious health risk for consumers (Laca, Mousia, Díaz, Webb, 47 Fusarium species pathogenic to cereal grains and found that they differ significantly in their 80 climatic distribution as well as in the optimum climatic conditions required for their 81 persistence. 82
The field microflora 83
The field microflora consists of microorganisms that occur on or in grains until the time of 84 harvest and depends on the conditions under which the crops were grown. The kernels are 85 numerically dominated by bacteria, with yeasts as the next most abundant component. 86
The number of filamentous fungi increases during the later stage of ripening (Noots, Delcour 87 & Michiels, 1999; Flannigan, 2003; Nierop, 2006) . 88
Bacteria 89
Levels of cereal grains contamination with bacterial pathogens are usually very low and 90 although contamination with species such as Salmonella, Escherichia coli and Bacillus cereus 91 can occur, bacteria associated with cereals are generally non-pathogenic. The most often they 92 belong to the families Pseudomonadaceae, Micrococcaceae, Lactobacillaceae and 93
Bacillaceae (Laca et al., 2006; Hocking, 2003) . Some species of enteric bacteria that are found 94 on cereal grains are plant saprophytes and their presence is not related to fecal contamination 95 (Harris, Shebuski, Danyluk, Palumbo, & Beuchat, 2013) . Gram-negative bacteria numerically 96 dominate the microflora of pre-harvest barley, with Erwinia herbicola (now: Pantoea 97 agglomerans) and Xanthomonas campestris as predominant bacterial species (Noots et al., 98 1999; Flannigan, 1996) . Numerous bacteria belonging to Streptomyces genus were recently 99 found on barley and spring wheat grains. The authors also reported the presence of antimycin 100 A toxin-producing strains in barley, which is the first report of antimycin A in a food substance 101 (Rasimus-sahari, Mikkola, Andersson, Jestoi, & Salkinoja-salonen, 2016). 102
Filamentous fungi and yeasts 103
The fungi growing on crops have been traditionally divided into two groups -"field" and 104 "storage" fungi (Pitt & Hocking, 2009 ). The main difference between these groups is the time 105 at which they invade the grains and growth conditions, however, the distinction between field 106 and storage fungi is not absolute. It was found that although some field fungi invade the grains 107 on the field, they are still able to grow in storage conditions. Similarly, some fungi commonly 108 classified as storage fungi may invade the grains at earlier stages (Christensen & Meronuck, 109 1986). 110
Field fungi, including species such as Alternaria, Cladosporium, Fusarium, and 111
Helminthosporium, invade grain in the field at high relative humidities (90 to 100%) when 112 the grain is high in moisture (18 to 30%) (i.e., at high aw) (Bullerman & Bianchini, 2009) 113
Christensen & Meronuck, 1986). Significant increase in a number of infections with Fusarium 114 species is often observed when ripening is performed during wet periods. Also, phyllosphere 115 fungi are responsible for pre-harvest fungal contamination (Magan & Aldred, 2006) . 116
As high moisture content is required for field fungi, conditions during the storage are not 117 favorable for their growth, however, some fungi including Penicillium and Fusarium species 118 and various species of yeasts are able to invade seeds before harvest and continue to grow 119 during storage (Christensen & Meronuck, 1986) . Although most Penicillium species are 120 xerophiles and they usually are considered to be storage fungi, at certain conditions they can 121 also attack the grains before harvestit was found that P. oxalicum can infect pre-harvest 122 maize due to insect damage or wounding (Pitt & Hocking, 2009 ). 123
Similarly, A. flavus, usually regarded as a storage fungus, was found in freshly harvested maize 124 (Lillehoj et al., 1976) . Insect damage to cobs and fungal invasion down the silks are the main 125 factors increasing the risk of A. flavus contamination of corn (Lillehoj et al., 1980; 126 products. Lactic acid bacteria present in the raw grain may be carried over through 153 the processing and spoil doughs prepared from flour and cornmeal (Bullerman & Bianchini, 154 2009; Justé et al., 2011) . Gram-negative coliforms, pseudomonads and actinomycetes were 155 also found on dry-stored cereals (Hill & Lacey, 1983 mold) can also be found on grains at ambient temperatures, however, they are much more 172 common on baking products (Magan & Aldred, 2006) . 173
Among Penicillium species, P. verrucosum is important as contamination with this fungus may 174 result in the production of carcinogenic mycotoxin -ochratoxin a (OTA), especially in cool 175 climates (Lund & Frisvad, 2003) . It was shown that P. verrucosum attacks wheat and barley 176 only after harvest (Magan & Aldred, 2006; Pitt & Hocking, 2009 ). In tropical conditions other Yeasts found on cereal grains during storage are often amylolytic yeasts (Magan & Aldred, 197 2006) . Similarly to lactic acid and spore-forming bacteria, yeasts present on cereals may also 198 be carried through into processed products (Bullerman & Bianchini, 2009). 199
Distribution of microorganisms within cereal grains 200
The typical structure of a cereal grain constitutes of three edible parts: the bran which consists 201 of the outer coat (pericarp, testa and aleurone layers), the germ (the embryo) and the starchy 202 endosperm, and an inedible husk that protects the kernel ( Fig. 4 .) (Dexter & Wood, 1996; 203 Merali et al., 2013) . Microbial colonization is generally restricted to the outer layers of cereal 204 grains, i.e. the husk, between the husk and pericarp, and within the pericarp tissue (Briggs, 205 1998) . Several studies showed that after debranninga controlled process in which the outer 206 layers of the grains are removed, cereals are microbiologically purer (Bainotti & Perez, 2000; 207 Laca et al., 2006) . However, there are species able to invade the inner part of the grains and 208 penetrate into the endosperm, causing internal infections (Nierop, 2006) . 
Current techniques and their limitations 232
Current technologies applied to control microbial spoilage of cereals successfully reduce 233 the microbial load, however, they can negatively affect the quality and technological properties 234 of cereals, as well as generate harmful environmental impacts. A brief description of current 235 techniques and their limitations used for cereal grains preservation is summarized in Table 1 . 236
Pesticides 237
Worldwide cereal production heavily relies on pesticides input, including fungicides, which is the most effective strategy to prevent the evolution of pesticide resistance. 251
Drying 252
Moisture content in the harvested cereal grains is naturally high. Drying is the phase of 253 the post-harvest processing during which the grains are dried until the moisture content level 254 guaranteeing safe storage conditions, i.e. equivalent to <0.70 aw, is reached. A typical moisture 255 content level of properly dried grains is between 10 -14 percent. Effective drying permits 256 a reduction of losses during storage, as it creates unfavorable conditions for molds growth and 257 proliferation of insects. However, these conditions are not always met. Heat and moisture 258 produced as a result of biological activity and respiration of grains during storage, are major 259 factors influencing spoilage. Damp or warm spots of grain favor fungal growth, which leads 260 to further production of heat and moisture, creating a self-generating process (Magan & 261 Aldred, 2006; Mrema, Gumbe, Chepete & Agullo, 2011). 262
One of the important limitations of grains drying is a difficulty to achieve a sufficient 263 uniformity of the process as under-or over-dried areas leads to grains with different moisture 264 contents to be found in the same batch (Raghavan, 1993; Magan & Aldred, 2006) . Using 265 excessive temperatures damages grains, e.g. cracking and loss of viability, as well as may cause 266 economic losses. For instance, one kilogram of grains at 15 percent moisture content weighs 267 885.4 g at 4 percent moisture content, causing a loss in the value in the market (Yaciuk, 1980; 268 Mrema et al., 2011) . Also, it increases the risk of growth of mycotoxin producing molds, which 269 usually colonize only damaged parts of plants (Varga, Kocsube, Peteri, Vagvolgyi, & Toth, 270 2010). 271
Mechanical debranning 272
Debranning is an advanced milling process during which the bran layers of a grain are 273 separated from the endosperm and removed by friction and abrasion. This technique can 274 improve the yield and degree of refinement of flour, as well as allowing the production of good-275 quality milled products from lower quality grains (Dexter & Wood, 1996) . Laca et al., (2006) showed that after debranning, grains are microbiologically purer. It was reported that by 277 removal from the surface of 4% of the total weight of the grain, that the total microbial 278 contamination was reduced up to 87%. Due to the complex anatomy of a wheat kernel which 279 has a longitudinal crease that extends to the center of the kernel, complete separation of 280 the bran from starchy endosperm is difficult to achieve in the debranning process (Dexter & 281 Wood, 1996) . It was found that using chlorine for inactivation of microorganisms on cereal grains was 290 ineffective for highly contaminated products -0.4% chlorine solution did not inactivate 291 sufficient fungal spores to produce less than 20% contamination when initial contamination 292 levels were greater than 10 4 per gram of barley (Delaquis & Bach, 2012; Andrews, Pardoel, 293
Harun, & Treloar, 1997). Sodium hypochlorite has also been used frequently, however, studies 294
show that this kind of treatment does not completely inactivate fungal spores neither on 295 the surface of corn nor wheat (Sauer & Burroughs, 1986; Sun et al., 2017) . 296
Irradiation 297
Irradiation in food processing is a process that involves exposing food to a certain amount of 298 ionizing radiation. Three major types of this technology are: (a) gamma-rays generated from 299 the radioactive isotopes of cobalt-60 ( 60 Co) or cesium-137 ( 137 Cs); (b) electron beam 300 processing; (c) X-rays created by electron accelerators. The mechanism of microbial inactivation by irradiation includes direct DNA damage and the production of reactive 302 molecules, such as hydrogen peroxide, hydroxyl radicals and hydrogen atoms. These molecules 303 can damage cellular metabolic pathways inside the cells, promote intracellular oxidation and 304 consequently lead to cell lysis ( is the triatomic oxygen formed by addition of a free radical of oxygen to molecular oxygen. 317
When generated from dried air, ozone is a blue gas. Ozone generation from high-purity oxygen 318 leads to formation of a colorless gas (Greene, Guzel-Seydim, & Seydim, 2012). Ozone can be 319 applied in the gaseous or aqueous state. It has been demonstrated that after treatment ozone 320 decomposes into molecular oxygen and hence does not leave hazardous residues on the food 321 product (Graham et al., 1997) . 322
Microbial inactivation by ozone have been studied against a wide variety of microorganisms. the treatment did not lead to significant reductions in aerobic plate counts, but it decreased 348 mold and yeast counts by 1.5-log in the final malt. In the study, gaseous ozone did not 349 negatively influence any aspect of malt quality. 350
Ozonated water was also reported to be effective for microbial inactivation of a range of foods, 351 including grains, and can be an alternative to chlorinated water before milling. Dhillon, 352
Wiesenborn, Dhillon, and Wolf-Hall (2010) found that although washing durum wheat grains 353 with ozonated water did not show high antimicrobial efficacy when used alone, it was effective 354 in combination with acetic acid. Similarly, a combination of gaseous ozone, acetic acid, and 355 ozonated water, using a fluidized bed system, was the most effective in reducing microbial 356 counts on durum wheat in another study (Dhillon et al., 2010) . In both studies, however, grain 357 moisture content increased after the treatment. 358
Future trends for decontamination of cereal grains 359
Limitations of conventional methods used for inactivation of microorganisms associated with 360 cereals suggest that there is a huge demand for new technologies, which will be rapid and cost 361
effective. An ideal method should reduce microbial loads uniformly on all the treated grains, 362 without formation of toxic, non-target residues and by-products after the treatment. Potential 363 techniques for cereals preservation (Table 2) should not affect their quality as the consumers 364 expect high-quality processed foods with minimal changes in nutritional and sensory 365 properties. 366
Microwave (MW) treatment 367
Microwaves are electromagnetic waves with frequency within 300 MHz to 300 GHz 368 (Chandrasekaran, Ramanathan, & Basak, 2013). Microwave inactivation of microorganisms is 369 achieved at temperatures lower than that of conventional pasteurization, however, many studies 370 suggest that microwaves inactivate microbes mainly by a thermal effect, including irreversible 371 heat-denaturation of enzymes, proteins, nucleic acids or other cellular constituents, leading 372 to cell death. a second possible mode of action are non-thermal ("athermal") effects, caused by 373 the intrinsic nature of microwaves and not related to increase of the temperature during 374 the MW treatment (Heddleson & Doores, 1993) . It was found that higher microbial reduction levels of microwave treatment are achieved in presence of other stresses, such as acidic pH or 376 increased temperature (Kozempel, Annous, Cook, Scullen, & Whiting, 1998). Kozempel et al. 377 (1998) emphasizes that efficacy of using microwave energy for microbial inactivation depends 378 on the type of microorganism-food system. 379
The number of studies investigating microwave treatment for inactivation of microorganisms 380 associated with cereal grains is limited. Reddy, Raghavan, Kushalappa, & Paulitz (1998) 381 successfully reduced the seedborne F. graminearum infection of wheat to below 7%, 382 maintaining the commercially acceptable seed germination threshold, i.e. 85%. It was observed 383 that seed viability and seedling vigour decreased after the microwave treatment. Microwave 384 energy can also be used for control of stored-grain insects (Vadivambal, Jayas, & White, 2007) . 385
Pulsed ultraviolet (UV) light treatment 386
Pulsed UV light treatment is an emerging non-thermal technology that can be used both for 387 decontamination of foods and food contact surfaces. It involves the use of short-duration, high-388 power pulses of a broad spectrum of white light from the ultraviolet (UV), which makes 50% 389 of the total spectrum, to the near infrared region (Keklik, Krishnamurthy, & Demirci, 2012) . 390
Pulsed UV light is considered to be more efficient in microbial inactivation than continuous 391 UV light, offering a safer and faster decontamination (Krishnamurthy, Tewari, Irudayaraj, & 392 Demirci, 2010). Microbial inactivation by UV light, which can be classified into 4 spectrum 393 regions, is primarily due to DNA structure alternation. UV-C light, with the peak of maximum 394 effectiveness at wavelengths of about 260-265 nm what corresponds with the peak of 395 maximum DNA absorption, is the most effective for inactivating microorganisms. Formation 396 of cyclobutane pyrimidine dimers during UV light treatment leads to mutagenesis and cell 397 death (Gayán, Condón, & Álvarez, 2014) . Although the technology is able to kill vegetative 398 cells and bacterial spores, as well as fungal spores and viruses, it has not been applied yet at 399 industrial scale in food processing (Keklik et al., 2012 ; Ortega -Rivas, 2012).
Although it is believed that pulsed UV light is not an adequate technology for cereals due 401 to their rough and uneven surfaces (Oms-oliu, Martín-belloso, & Soliva-fortuny, 2010), 402 the antimicrobial efficacy of this technology against microorganisms occurring on stored cereal 403 grains has been demonstrated. Maftei, Ramos-villarroel, Nicolau, Mart, & Soliva-fortuny 404 (2013) studied the potential of pulsed light technology for the decontamination of naturally 405 occurring molds on wheat grains and achieved a reduction of about 4 log CFU/g, with the seed 406 germination percentage slightly decreased. It was also found that the initial mold load of grains 407 is an important factor for the treatment efficacy. 408
Non-thermal (cold) plasma 409
Plasma, considered as a fourth state of matter, is a partially or fully-ionized gas. 410
The terminology "cold" or "nonthermal" describing plasmas refers to the physical parameter. 411
As compared to thermal plasmas generated at high temperatures, cold plasmas are generated at 412 or near room temperature, therefore, mechanism of microbial inactivation does not rely on 413 thermal destruction of microorganisms. As a nonthermal process, cold plasma causes little or 414 no thermal damage to the food product after treatment (Niemira, 2012; Niemira, Boyd, & Sites, 415 2014) . 416
Cold plasma can be generated at atmospheric as well as low pressure and consists of UV 417 photons, neutral or excited atoms and molecules, negative and positive ions, free radicals and 418 free electrons. The technique has recently found an extensive range of applications for 419 microbiological decontamination due to chemical and bioactive radicals generated during 420 electrical discharge, including reactive oxygen species (ROS) and reactive nitrogen species 421 (RNS) (Laroussi & Leipold, 2004; Scholtz et al., 2015) . 422
Application of cold plasma for decontamination of cereal grains has been studied recently. 
Organic acids 463
Organic acids are used as food additives and preservatives due to the reduction of 464 the environmental pH, what prevents food deterioration (Ölmez & Kretzschmar, 465 2009 ). Addition of organic acids such as propionic, sorbic and acetic acids, as well as their 466 salts, prevent the mold spoilage of bakery products, however, relatively high concentrations 467
are needed due to low efficacy (Magan & Aldred, 2006) . Organic acids can also be used for 468 grain preservation. Sabillon, Stratton, Rose, Flores, & Bianchini (2016) evaluated the efficacy 469 of adding organic acids (acetic, citric, lactic, or propionic) or combination of organic acids and 470 NaCl added to tempering water to reduce microbial contamination in hard wheat and noted 471 a significant reduction of microbial load after the treatment. It was reported that 472 the combination lactic acid (5.0%) and NaCl (52%) was the most effective against aerobic plate 473 count (APC) and Enterobacteriaceae (Eb), achieving an average reduction of 4.3 and 474 the functional properties of resulting whole-grain (WGF) and straight-grade flours (SGF) was 476 evaluated and it was found that tested solutions had different effects on the properties of each 477 type of flour. While tempering solutions did not have significant overall effects on pasting or 478 mixing properties of SGF, treatment of WGF resulted in a numeric decrease in several pasting 479 parameters and an increase in bread grittiness, indicating limited penetration of the organic 480 acids into the endosperm of the grain (Sabillon, Bianchini, Stratton, & Rose, 2017) . 481
Conclusions 482
Potential microbiological risks associated with cereal grains remain a major concern of 483 the grain industry as they may hugely affect the quality and properties of the grains. Current 484 technologies applied for control of microbial spoilage of cereals successfully reduce 485 the microbial load, however, they can negatively affect the quality and technological properties 486 of cereals, as well as generate harmful environmental impacts. In order to overcome 487 the limitations of conventional technologies, recent works have been focused on developing 488 new techniques, such as microwave treatment, pulsed UV light, cold plasma and organic acids, 489 that can be used for microbial decontamination of cereals. Further studies are needed to ensure 490 that these potential technologies could provide an efficient microbial inactivation and rapid, 491 uniform treatment, whilst at the same time do not affect the grains quality. Prevention of 492 contamination with fungi is the most rational and economical approach to reduce the risks 493 associated with the presence of mycotoxins in cereal food and feed products. However, in 494 current production systems even the best agricultural and manufacturing practices cannot fully 495 prevent mycotoxin contamination, therefore, potential technologies will need to be used for 496 degradation and elimination of these toxic metabolites. 
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